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Introduction

Fermilab is a national laboratory devoied to research in high energy particle
physics and is the site of the world’s largest proton accelerator. The beams used
in the experiments are produced by protons accelerated through a series of accel-
erators, the last of which is the Tevatron, which raise the energy of the protons
from their rest energy of 938MeV 1o a final energy of 900GeV or 1.44erg.

The process begins with a H™ jon source input to a 750keV Cockcroft-Walton
electrostatic accelerator. The ions are then accelerated to a kinetic energy of
200MeV in a drift tube linac. The acceleration, now of protons, continues to
a kinetic energy of 8GeV, after charge exchange injection into the Booster, an
allernate gradient synchrotron built from combined function magnets, .

The next stage of acceleration occurs in the Main Ring, an alternate gradient
synchrotron built with conventional copper-iron magnets arranged in a separated
function lattice. At an energy of 150GeV the protons in the Main Ring are ex-
tracted and injected into the Tevatron. It too is an alternate gradient synchrotron
but it is constructed with superconducting magnets operating at liguid helium
temperature. In the Tevatron the proton energy is raised to 900GeV.

Because the primary purpose of Fermilab is to perform research in high energy
physics, the requirements of the research program determine, within of course the
ability of the accelerators to salisfy those requirements, the significant parameters
of the beam at Fermilab, viz the energy, intensity and emittance. From the
perspective of the accelerator physicist, the performance of the acceleralor may
not be optimized; to an experimenter, a particular set of operating conditions
may be optimal. The operating conditions of the Tevairon are set to satisfy the
experimenter.

*Operated by Universities Research Association Inc. under contract with the U.S. Depari-
ment of Energy




This paper will describe the actual operating performance of the Tevatron,
operating as a collider, and will indicate the planned upgrades which will enhance
the physics results coming from the experiments being performed at Fermilab.

From Source to Injection Into the Tevatron.

From the Source through the Linac

The acceleration process begins with a H~ source. The properties of the Fermilab
H~ source are summarized in Table I.

Table |.
Properties of the Source
“Current x=50mA.
| Pulse Length 30us

Repetition Rate 15Hz
Number of lons/sec | (=~ 1.4-10" H- jons/s).

Upon exiting from the source the kinetic energy of the H™ ions is raised to
750keV by a Cockeroft-Walton electrostatic accelerator. They are then trans-
ported to and injected inte a drift tube linac which increases the kinetic energy
to 200MeV.

At the exit from the Cockcroft-Walton, we can make our first measurement of
the area of the beam in phase space. These measurements are destructive and are
not routinely done; they are made only for diagnostic purposes. The area A of the
beam in the phase space 2z’ or yy' is called an emittance e. It must be recognized
however that the particles are not normally confined within a well defined area in
the phase space. This leads to the unfortunate situation where there are several
definitions of the emittance defined in terms of o and ¢’, the rms widths of the
measured spatial and angular distributions. At Fermilab, we have defined the
emitlance, assuming that the distribution in phase space is Gaussian, in terms
of the area that would include 95% of the particles. As a result we calculate
the emittance as ¢ = 67 - ¢6’. Other high energy physics laboratories use other
definitions for the emittance: at CERN, € = 47 - oo’ while at the SSC, ¢ = 7-00".

Table 11 gives the emittance of the beam at the exit from the Cockcrofi-Walton
at a kinetic energy of 750keV, at the entrance to the linac and at the exit from
the linac, where the H™ ions have a kinetic energy of 200MeV.



Table 1

Emittance of the H- Tons?
Location Kinetic Energy e(h) e('u)—'
(mmmr) | (mmmr) !

Exit from the

Cockcroft-Walton 750keV = 2571 =~ 507

Enirance to the Linac 750keV == 687 =~ 757
| Exit from ihe Linac 200MeV =777 = 8.0

There is shrinkage of the emittance in the linac but that is just an artifact
of the acceleration process: the longitudinal momentum has increased while the
transverse momentum is not changed. Consequently ¢’, and the area in phase
space are reduced. To better characterize what is happening to the beam we
define the normalized emittance:

En:E'ﬁr"Tr

where 3, = v/c and 4, = E/m,c?.

Table II1 gives the value of the normalized emittances of the beam from the
exit of the Cockcroft-Walton to the end of the linac. The normalized emittance
increases by almost a factor of {wo in the linac.

Table 1
Normalized Emittance of the H- Jons!
' Location Kinetic Energy en(h) enl)
(mmmr) | (mmmr)
. Exit from the ) o o T
‘ Cockcroft-Walton 750keV 1.0 2.0%
Entrance {0 the Linac 750keV 2.7w 3.07
IElxit from the Linac 200MeV 5.3w 5.5%

The Booster

Upon entering the booster a thin foil is used to strip the iwo electrons from the
H™ ion yielding a bare proton. {The process is 98-99% efficient.) The protons are
then captured by the magnetic field of the Booster.

The Booster is a rapid cycling (15Hz) alternate gradient synchrotron which
raises the proton kinetic energy to 8GeV. The emittance of the beam in the
Booster depends on the number of protons being accelerated. Table TV gives the
values of the emittance at the end of the Booster cycle.

'These dataﬁare from an internal Fermilab report EXP-111 The Beam Emittance by Sho
Ohnuma, Nov. 28,1983



Table 1W?
Normalized Emittance at the Exit From the Booster

* Kinetic Energy 8 GeV

010

N is the number of protons in 101 per Booster bunch

o c,(h) =(4.03+2.03N=-0.911N?)rx

o ¢.(v) =(586+1.18N+0.766N?)r

The Main Ring

From the Booster, the 8GeV protons are transported to the Main Ring where the
energy is raised to 150GeV total energy. The Main Ring, for the data that I will
discuss, was operating in the collider mode which is different from the mode of
operation for the fixed target experiments. When operating in the collider mode
the protons are coalesced into a bunch before they are extracted from the Main
Ring and injected into the Tevatron.

In the Main Ring emittance measurements are not destructive and are made
with flying wires located in the accelerator. The wires measure the beam profile,
and with a knowledge of the lattice parameters at the location of the wires, the
ernittances can be computed. Table V gives the emittances of the beam at various
times in the Main Ring cycle. The data are from measurements made on the
beam during the last collider running period and are not the results of special
measurements made during study periods. The data were taken under a variety
of beam intensities and are characteristic of the emittances actually encountered
during the run.

Table V
Normalized Emittance in the Main Ring
Time in the ealh) | env)
Main Ring Cycle (mmmr) (mmmr)
Injection {8GeV) 2 107 ~ 127
| Flat Top (150GeV) ~10 — 157 | = 10 - 157
Coalesced Beam (150GeV) | ~ 15 — 207 | &~ 15 — 207

The Tevatron

The Accelerator

The Tevatron is a large (radius=1km, the same as the Main Ring) proton accel-
erator constructed from superconducting magnets. It was designed to accelerate
protons to an energy of 1TeV. It is currently operating at an energy of 900GeV.



In the near future, by lowering the temperature of the superconducting magnets
by =0.4K, we will be able to raise the energy to 1TeV .

In terms of its lattice, the Tevatron is a strong focussing, separated function
accelerator. In addition to the arcs, containing the bending dipoles and the fo-
cussing quadrupoles, there are 6 long straight sections located in the lattice. Of
these, one is used for injecting the beams, another is used for the r.f. accelerating
cavities and a third was used as an interaction region for pp collisions.

The orbits of protons and anti-protons in the Tevatron were the same and
so they could easily be made to collide. 2 The problem in building the collider
was to create a source of anti-protons with high brightness * and to preserve the
brightness of the protons and anti-protons as they are accelerated and as they
pass from one accelerator to another. ?

In the collider mode, a bunch of coalesced protons from the main ring was
injecled into the Tevatron and stored there at 150GeV. This process was repeated
B times so that there were 6 bunches of protons stored in the Tevatron at 150GeV.
For reasons to be discussed later the emittance of the protons was then deliberately
increased.

Following the injection the 6 bunches into the Tevatron, anti-protons were
removed from the anti-prolon source, injected into the Main Ring, accelerated to
150GeV, coalesced into an anti-proton bunch and injected into the Tevatron. This
too was repeated 6 times.

The 6 proton bunches and the 6 anti-proton bunches were then accelerated to
900GeV. The lattice was then modified to increase the probability of collisions at
the interaction point containing the CDF detector. The beam was also scraped
horizontally to eliminate the tails of the particle distribution and to reduce the
background in the detector.

As in the Main Ring, the beam emittance measurements can be made using
& flying wire system to measure the beam profile. Table VI gives the emittances
of the beamn at various times in the Tevatron cycle. Again the data are from
measurements made on the beam during the last collider running period and are
charactleristic of the emittances actually encountered. The measurements at low-3
are made after the beam has been scrapped to reduce background in the experi-
mental detector.

*In the next collider run the proton and anti-proton orbits will be different due to electro-
static separaiors inseried into the Tevatron latiice.

31 will not discuss the problems assoctated with producing the anti-protons and creating a
high brightness source.

“The preservation of the brightness during the transfer of the beam from one accelerator to
another, becomes increasingly difficult as the energy of the beam increases.

[}



Table VI

Normalized Emittance in the Tevatron
Time in the enlh) | efv)
Tevatron Cycle (mmmr) | {mmmr)
Injection (150GeV) 15 — 207 | =~ 20 — 257
Before Acceleration (150GeV) | =~ 18 — 257 | = 20 — 287
Flat Top (900GeV) =~ 20— 257 | = 25 — 30~
Low 3 (900GeV) |~ 15 - 207 | = 20 - 257

R

The energy of the collisions (the energy in the Center of Mass system) was
1.8TeV. The collision of a 900GeV proton with a proton at rest has an equivalent
center of mass energy of 41GeV, so that the advantage of a collider in achieving
high collision energy is obvious.

Luminosity

The reason for building the Tevatron was to provide high energy beams for the
study of elementary particle collisions. We naturally wish to maximize the num-
ber of collisions in a given running period. This objective has a Jarge part in
determining the characteristics of the Tevatron beam, and therefore, it is useful
to begin our discussion of the characteristics with an expression for the interaction
rate R{interactions/sec) for any reaction:

R=0c-L

where:
o s the cross section for a given reaction (cm?);
L 3s the flux or luminosity of the collider ({cm 2 - sec!)).

The cross section for a typical reaction of interest is = 10732¢m? or inb. If
we say that we can collide particles for 10"sec/year (=30% efficiency) then we
will get 1072% . £ interactions per year. If we want a sample of 10° evenis to
analyze (a typical desire) from a year’s run, we will need a luminosity £ of at
least 10%/(em?® - sec)

The luminosity can be expressed in terms of the properties of the colliding
proton and anti-proton bunches in the Tevatron. For each colliding bunch:

N, - N

Ebunch = f(ﬂ'[) " fr A

where:
A = 47 - (an{p)’ + aa(P)?)V? - (0.(p)? + ou(P)*}?

and where:
e 7 is a function of the bunch lengths.

® f. is the revolution frequency of the beam.



e N, is the proton bunch intensity.
s Njis the anti-proton bunch intensity.
® a,.(p),(P) is the rms size of the bunch at the interaction point.

The total luminosity, £,is gotten by summing the luminosities of the colliding
bunches, i.e. £ = XLy nch.

A is the effective area of overlap between the proton and anti-proton beams.

The way to increase the luminosity is clear; we increase N, and N and decrease
A. This is in {fact what is done but only up to a point. To explain why, I will need
to make a digression into the Courant-Snyder Theory of the Alternate Gradient
Synchrotron.

The equation for the transverse motion for a single particle in a synchrotron
can be written as

q" + k(s)’q = F(s,q)

where g is a transverse variable of the particle (horizontal or vertical) and s is a
coordinate along the closed orbit of the particle. k(s) is the focussing force due to
the quadrupoles in the lattice. Since we have an accelerator of circumference C;
k(s+C) = k(s). In the case where F(s,q) = 0.0 i.e. a linear machine the solution
to the equation of motion is

g(s) = a-B(s)"% . cos(¢(s) - ¢o)
#ls) = g0 + [ ds/B(s)

The function #(s) is called the amplitude function and can be made to satisfy the
equation 8(s+C) = f(s). Note that g{s+ C) # g{s) unless ¢(s+C) = ¢(s)+2n=
where n is an integer. If n is an integer however, the motion is unstable. We define
the tune of a beam v = {¢(s + C) — $(s)j/(2r). If the tune is an integer, we have
a resonance and unstable motion.

There is an invariant of the motion, called the emittance, which is simply the
area 1n the phase space, so we can use the same symbol as before;

e/m = () - q(s)* + 2a(s) - B(s) - ag’ + B(s) - ¢"

where:
a=~—1/2.d3/ds; and
y=(1+a%)/5.

It is easy to show that the value for a in the expression for ¢(s) is simply

a = (r:/:rr):‘/2 so that
g(s) = \Je/m - B(s) - cos($(s) — o)

The beam in the Tevatron is composed of many particles each with its own
value of e. Nonetheless it is possible to relate the size, o, of a beam of particles at
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a point in the lattice, with a characteristic value for the emittance for the beam.
The relation is very simple:

6mo’(s) = ¢-B(s)

(I am ignoring the dispersion of the lattice at the location of the flying wire used
to measure o, and the momentum spread of the beam.)

To decrease A ~ 7o, - 0, we can decrease the value of 3 at the interaction
point and we can decrease the size of the beam by decreasing the emittance e.

The smallest possible value of 3 at the interaction point is typically limited by
the strength and aperture of the quadrupoles that focus the beam, and the length
of the interaction region, i.e. the size of the detector that is designed to observe
the interactions.

The other way of reducing A would be to reduce the emittance of the beam.
Unfortunately we cannot simply reduce the emittance indefinitely because of the
effect of the beam-beam forces on the luminosity.

Beam Beam Forces

The bunches of protons and anti-protons interact via electro- magnetic forces. One
result of these forces is to modify the tunes of the beams. In a real accelerator,
like the Tevatron, where there is motion in both transverse planes with coupling
between them, we can have resonances not only when the tunes are integers but
also when the tunes satisfy the following equation:

Nply + Nyl = M

where n,. n,m are integers. I, due to the beam-beam force, the tune is shifted to
a value which is resonant, then particles will be lost.
For the anti-protons the linear beam-beam tune shift at each crossing is given

by
N Np""p‘ﬁ

bu =~
4"'T"I(r'-A‘p

. In this expression
® 7, is the classical radius of the proton (1.53510%m);
» 3 is the value of the amplitude function at the crossing point.
® 7, is the relativistic v,= E/m,,.

o A, is the cross sectional area of the proton beam at the crossing point.

(=8¢



If the tune shift for the anti-protons is ° larger than the distance between the
tune of the anti-proton beam and the nearest resonance then we will lose the
anti-protons. At the Tevatron, the accelerator was operated with a tune located
between the 2/5 resonances and the 3/7 resonances. (During the next collider
run the operating tune will be moved so that it lies between the 3/5 and the 4/7
resonances). The available tune space of 0.028 limits the allowed brightness of the
protons.

A further consequence of the beam-beam interaction is due to the non-linear
part of the interaction, The linear part of the interaction results in the tune shift
mentioned above. The non- linear part causes the emittance of the anti-proton
beam to blow up. This increase in the emittance reduces the luminosity of the
Tevatron collider.

We have found that the maximum integrated luminosity over the length of
a store (= 20hr) is achieved when the beam-beam interactions are reduced by
increasing the emittance of the protons over their emittance at injection.

Past Experience

In the past, collisions at the detector began after the protons and anti-protons
had been injected in 1o the Tevatron, accelerated to an energy of 900GeV and
the lattice modified so that the value of 4 ai the interaction point was ~ 0.5m.
The protons and anti-protons were typically stored and collisions observed by the
experimenters for =~ 20hr and then the store was intentionally ended.

The luminosity was monitored by detectors located around the interaction
point. The measured luminosity showed an initially rapid fall (short lifetime)
followed by a more gradual decline after about 5hr. The decrease in luminosity
was not due to the decrease in the number of protons or anti-protons in the
Tevatron but rather it was due to the increase in the emittance of the beams. The
increase in emittance was due, in roughly equal parts we think, to intra-beam
interactions, beam gas interactions in the relatively poor vacuum in the warm
regions of the Tevatron, and to some electrical noise in one or more devices. The
length of the poor vacuum regions will be reduced in the next collider run since the
separator insertions will have much better vacuum then the previous insertions.
We have not identified the sources of the electrical noise so that they are a little

hard to fix.

Modifications to Improve
Collider Performance.

Fermilab is currently involved in a program designed to increase the luminosity
of the Tevatron collider.

5The tune shifi of the protons is smaller than that of the anti-protons and is not relevant to
the following discussion.



Collider Run Ia (1991-1992).

The beam-beam interactions are among the most important factors limiting the
luminosity of the Tevatron. We have been running with six bunches of protons
and six bunches of anti-protons in the Tevatron. During one revolution of the
accelerator each bunch will collide 2 times with another bunch, for a total of
12 collisions. Each of these collisions results in a beam-beam tune shift § but
only at the locations of the detectors do the collisions yield any physics. The
number of collisions points, and hence the beam-beam effects, can be reduced if
the proton and anti-proton beams are separated except at the interaction points
where the detectors are located. We will use electro-static separators inserted
into the Tevatron lattice to produce the helical orbits which will result in the
separation of the proton and anti-proton orbits. We are planning two low 3
interaction regions in this run so that the number of places where the beam-
beam interactions take place will be reduced from 12 to 2 by using the separators.
This will allow us to reduce the emittance of the protons. We can reduce it by
only 40% due to the limitations in the Booster and Main Ring. In addition we
will be making improvements in the anti-proton source to increase the number of
antl-protons in each bunch.

Together with a small reduction in § at the interaction point, we expect the
nominal Juminosity to increase from 1.6-10%/cm?sec to 5.7-10%° /em?2sec, an im-
provement by a factor of =~ 3.6.

Collider Run Ib.

The next step in our improvement schedule will center on increasing the produc-
tion rate of anti-protons. This will require beams of higher brightness in the Main
Ring since the aperture of the Main Ring currently limits the intensity that can
be accelerated. The brightness of the beam in the Main Ring is in turn limited
by the brightness of the Booster beam. In the Booster the brightness is limited
by the intra-beam tune shift at injection due to space charge. The space charge
tune shift can be reduced by increasing the energy of the Linac beam.

We currently have underway a linac upgrade program, io be completed in
1992, which will increase the kinetic energy of the protons from 200MeV to
400MeV. This will result in a increased anti-proton stacking rate and a lumi-
nosity of 9.0-10°°/em?sec, an improvement by a factor of = 5.6 from our last
run.

Collider Run I1.

In the subsequent run we expect to run at our original design energy of 1TeV. In
addition we will have installed new kickers for the injection of anti-protons and
so we will be able to inject 36 bunches of protons and anti-protons. Neither the
proton bunch intensities nor the emittances will differ from the previous run. At
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this point the lumineosity will be limited by the available number of anti-protons.
We expect that due to the higher energy the larger number of bunches and the
smaller beam-beam eflects that the luminosity will rise to 1.1.10*! /em?sec, an
iraprovement by a factor of = 6.9 from our last run.

Collider Run I111.

To significantly increase the number of anti-protons available for the Tevatron, and
thereby the luminosity, it will be necessary to replace the Main Ring by a new
Main Injector. It will then be possible to optimize the intensily and emittances
of the bunches to achieve the maximum luminosity. With the new injector the
Tevatron collider, which was designed to have a luminosity of 10°°) will achieve a
luminosity of 5.7-10*! fem? sec, an improvement by a factor of = 36 from our last
run.
The improvements are summarized in Table VII.

Table VIt
Projected Luminosity Improvements In the Tevatron Collider °
Running Period 1 la | I | 1T
3 ] | 88-89 ngglkwl_f)?z,y?gfl 1996
Center of Mass Energy (Gev) 1800 | 1800 2000 2000
Number of Bunches 6 6 36 36
Protons/bunch (107%) 7 7 12 33
Anti-protons/bunch (10'°) 2.9 7.2 1.2 3.7
Total Anti-protons (10'°) 17 43 43 130
Anti-proton Stacking Rate (10’ /hr) 2 4 6 17
¢y (mmmr) 257 | 157 150 | 30w
ez (mmmr) 187 | 187 187 227
A* (cm) 55 | 50 50 | 50
LLuminosity (10%*cm ™ ®.sec’ ) 1.6 | 5.7 11 ‘ 57

With this new luminosity the Tevatron at Fermilab will be doing exciting
physics experiments well into the 21°' century.
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